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Abstract 
This paper the electrical power conversion system presents developed for a self-excited induction generator for wind 
turbine applications. In the wind energy conversion system a self-excited induction generator converts the mechanical 
energy into electrical energy. A B6 rectifier and inductor are utilized to maintain constant dc link current. The 
average power is converted entirely by the six-pulse converter, it’s consists of a B6 current-source inverters. Line side 
current-source inverter supply currents into the utility line by regulating the dc link voltage. The active power is 
controlled by firing angle of converter with operated at inverter mode. The performance improvement of this 
proposed system by experiment using a 1 kW four pole self excited induction generator. The overall control system is 
implemented on six-pulse converter board. Experimental results are illustrated in order to validate performance of the 
proposed system. 
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1. Introduction 
Many types of generator concepts have been used and proposed to convert wind power into 
electricity. The size of the wind turbines has increased during the past ten years, and the cost of energy 
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generated by wind turbine has decreased. The challenge is to build larger wind turbines and to produce 
cheaper electricity. Thus, there is a need to find a way to convert wind energy into electrical energy from 
wind turbines that can be scaled up in power without extremely high cost penalties. The use of squirrel-
cage induction machines in wind generation is widely accepted as a generator of choice. The squirrel-
cage induction machine is simple, reliable, cheap, lightweight, and requires little maintenance. Generally, 
the induction generator is connected to the utility at constant frequency. With a constant frequency 
operation, the induction generator operates at practically constant speed. The wind turbine operates in 
optimum efficiency only within a small range of wind speed variation. The variable-speed operation 
allows an increase in energy captured and reduces both the torque peaks in the drive train and the power 
fluctuations sent to the utility. In this paper, a combination of a parallel capacitors are used to excite the 
induction generator while operating at variable speeds. In the self-excited mode, the induction generator 
is excited with three-phase ac capacitors. The frequency, the slip, the air gap voltage and the operating 
range of the system are affected by the characteristics of the induction generators and the choice of 
capacitor sizes. The operating slip in a self-excited mode is generally small and the variation of the 
frequency depends on the operating speed range. The system we tested has the following components: a 
three-phase four pole, 3 kW induction motor to represent the wind turbine, a three-phase four pole, 1 kW 
induction generator driven by the induction motor, a various sets of capacitors to provide reactive power 
to the induction generator, a three-phase diode bridge to rectify the current provided by the generator, an 
inductor to smooth the dc current and to limit the current peaks on the dc bus, a three-phase thyristor 
bridge to convert the power from the dc bus to the utility [1-3].  
 
2. Wind Energy Conversion System 
 
The amount of power harnessed from the wind of velocity ν is as follows. 
 
31
2w p
P AC vU                                                         (1) 
 
 wP  : wind power [W  ] 
 U  : air density [ 3/kg m ] 
 A  : swept area [ 2m ] 
 pC : power coefficient of wind turbine 
 v    : wind speed [ /m s ] 
 
Consequently, the output energy is determined by the power coefficient of wind turbine if the swept area, 
air density, and wind velocity is constant. The power coefficient depends on the aerodynamic 
characteristics of blades. Fig. 1 represents the relation between generator speed and output power 
according to wind speed change ( 1 2 3 4 5v v v v v    ). The power described by equation (1) this is the 
power to be generated by the generator at different rotor rpm. One way to convert a wind turbine from 
fixed speed operation to variable-speed operation is to modify the system from a utility-connected 
induction generator to a self-excited operation. Ideally, if the inertia of the wind turbine rotor is 
negligible, the rotor speed can follow the variation of the wind speed if the output power of the generator 
is controlled to produce the power-speed characteristic. Thus the wind turbine will always operate at 
pC optimum. In reality, the wind turbine rotor has a significantly large inertia due to the blade inertia and 
other components. The wind turbine operation can only in the vicinity of pC . However, compared to 
fixed-speed operation, the energy captured in variable-speed operation is significantly higher. With 
130   Satean Tunyasrirut et al. /  Energy Procedia  9 ( 2011 )  128 – 139 
variable-speed operation and sufficiently large rotor inertia, there is a buffer between the energy source 
(wind) and energy sink (utility). Allowing the rotor speed to vary has the advantage of using the kinetic 
energy to be transferred in and out of the rotor inertia. Thus, the aerodynamic power, that fluctuates with 
the wind input, is filtered by the inertia before it is transmitted to the utility grid. This concept is very 
similar to the use of dc filter capacitor at the dc bus of a dc-dc converter. The dc capacitor filters the 
voltage ripple so that the voltage output presented to the load will be a smooth output voltage. It is 
expected that the turbulent content in wind input will not be transmitted directly to the mechanical drives 
(gearbox) of the wind turbines thus the mechanical stress and fatigues on mechanical components can be 
relieved. Thus, the lifetime of the mechanical drives and other components of the wind turbine can be 
extended by variable-speed operation [4]. 
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Fig. 1. Relationship between power and rotational speed. 
 
3. Self-Excited Induction Generator 
 
The asynchronous or an induction machine is sometimes used as a generator. Asynchronous generators 
are frequently used in wind power systems. They are often employed to supply additional power to a load 
in a remote area that is being served by a weak transmission line. Their advantages in this application are 
that they are rugged and relatively cheap, and that engine or windmill driving the generator is not required 
to operate precisely at the synchronous speed. The machine must be driven above the synchronous speed, 
however, and the mechanical drive must be equipped with a control to cause the speed to increase as the 
electrical load increases [1]. The induction machine is modeled using the steady-state equivalent circuit 
shown in Figure 2. Detail derivation of equations for self-excited induction generator can be found in 
many papers [2,3]. Recall that the Steinmetz model of the induction machine is referred to the stator at 
stator frequency. Let the rated frequency of the machine be designated Bf and the corresponding 
synchronous speed be BZ . Then let the ratio of driven speed of the generator to base synchronous speed 
be b : 
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B
b ZZ                     (2) 
 
Similarly, define the ratio of generated frequency to rated frequency as a : 
 
B
fa
f
                                            (3) 
 
where f is actual frequency, Bf is rated frequency, Z is actual speed, BZ is synchronous speed at Bf . It 
will be assumed that all the model reactance are measured at rated frequency. Then under operating 
conditions for the generator, the inductive reactance will be proportional to frequency and capacitive 
reactance will vary inversely. Also EI , the voltage induced by the air gap flux will be proportional to 
frequency. These effect are shown in Figure 2. The synchronous speed varies with frequency also, and is 
given by BaZ . The slip under operating conditions is thus 
 
s B B
s B
a b a bs
a a
Z Z Z Z
Z Z
                                                                                       (4) 
 
It should be noted that since the slip is negative in generator operation, the quantity a b  is also negative. 
Dividing each impedance in the model and the voltage by a leaves the currents in the model unchanged, 
but allows the rated-frequency value of the voltage EI to be used. The result of this operation is shown in 
Figure 2. 
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Fig. 2. Model of one phase at rated frequency. 
 
The basic problem in determining asynchronous machine performance is to find the voltage and 
frequency supplied to given electrical load when the speed and exciting-capacitor reactance are known. It 
is assumed that the circuit model impedances 1 2 1, ,r r x and 2x have been determined at rated frequency, 
and that the magnetization curve has been plotted, also at rated frequency. The electrical load must be 
stated in term of resistance R ohms per Y -connected phase rather than so many watts, because the 
voltage is unknown at the outset. The reactance per phase of the exciting capacitors must be small enough 
to permit buildup and to maintain voltage over the expected range of loads and speeds. The correct 
reactance can only be determined by experiment or by working the problem several times until the results 
are suitable. To solve the problem, equations are written in terms of the circuit impedances, the frequency 
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ratio a , and the speed ratio b to represent conservation of power and conservation of VARs. Since the 
speed is a given, the value of b is known. The power conservation equation turns out to be a fifth-order 
polynomial in a , having only one real root. This real value of a  determines the frequency. The VAR 
relationship may be solved to determine the value of mX at rated frequency. When this value is plotted on 
the magnetization curve, the generated voltage 1gE is found. The circuit model is then easily solved to 
determine terminal voltage, power output and slip. Some details of the solution from Figure 2, to replace 
the reduced load at the terminals of the machine, consisting of 2( / ) //( / )cR a jX a , with the equivalent 
series impedance L LR jX . Then the stator-winding reduced resistance and leakage reactance may be 
added to obtain the total stator-circuit impedance sZ : 
 
2 2
1 1
1 12 2 2 2 2 2( ) ( )( )
c c
s L L
c c
X R R Xr rZ R j x X j x
a aa a R X a R X
                                                     (5) 
 
The reciprocal of sZ gives the reduced stator-circuit admittance, here stated in terms of LR and LX for 
simplicity: 
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Similarly for the rotor circuit, 
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Let E E oI I  . Then 2e rR I E gI  
 
And the generated power is 
 
2
r rP E gI                                                     (8) 
 
The absorbed power is given by 
 
2
s sP E gI                                                           (9) 
 
The conservation of power equation is then 
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Or 1 22 2 2 2 2
1 1 2 2
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The next part to find the generated voltage EI . The value of mX under the given operating conditions 
must first be determined. This may be accomplish by setting up an equation for the conservation of 
VARs. Since there is no external VAR source for the system, the total VARs absorbed by all three 
branches of the circuit must be zero. The conservation of VARs equation is 
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Or 1 0s r
m
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                  (11) 
 
Substituting from Equations 6 and 7 to equation 11 
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From equation 5, 
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And the internal voltage of the asynchronous generator, 0EI , if it were operating at rating at rated 
frequency. The actual value of this voltage is given by 
 
0E aEI I                                          (13) 
 
where a is the real root of the fifth-order equation (10). Having found the frequency ratio a and the 
induced voltage converted to rated frequency, 0EI , the actual induced voltage 0aEI may be used with the 
circuit of Figure 2 to solve for 1I , 1V , the output power per phase. The solution of the circuit of Figure 2 
has been developed for the terminal voltage of the generator is also given [1]:  
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134   Satean Tunyasrirut et al. /  Energy Procedia  9 ( 2011 )  128 – 139 
4. Proposed Six-Pulse Converter Scheme 
 
4.1 Proposed six-pulse conversion  
 
The proposed system configuration is illustrated in Figure 3. The system consists of a diode bridge 
rectifier, a large dc link inductor, a six-pulse line commutated thyristor converter operating in inverter 
mode derived from thyristor bridge six-pulse converters connected to a 3-phase transformer [4-7]. 
 



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P,Q
invi
aci
Z
GEN
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Fig. 3. Schematic of proposed 6 pulse converter for wind turbine. 
 
The resultant dc voltage gives 6-ripple pulses per fundamental frequency ac cycle. The delay angles 
for the bridges are typically identical. The total inverter dc-link voltage iV  is the inverter dc-link 
voltages iV . Thus, the expression of its average value has been [3-4].    
 
1.35 cossi
T
VV
a
a= ,                                                                  (15) 
where Ta  is the transformer ratio, sV is the rms line voltage and a is the firing angle. The current in the 
ac lines supplying the Y-D connected transformer is represented by the Fourier series as 
 
( ) 2 3 1 1 1 1cos cos5 cos7 cos11 cos13 ...  .
5 7 11 13ac o o o o o o
i t i t t t t tw w w w w
p
é ù
ê ú= - + - + -
ê úë û
                         (16) 
 
4.2 Model of dc-link 
      
According to Figure 3, the mathematical model of system is analyzed by considering a simplified 
equivalent circuit of dc-link as shown in Figure 4.  
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Fig. 4  Circuit diagram of dc-link.  
 
Then the output dc voltage of the diode bridge is 
 
11.35 .d L LV V -=                         (17) 
 
where 1L LV -  is the line voltage of asynchronous generator. If the resistance of inductor dL is ignored. The 
stator and rotor leakage impedance drops are also neglected, then 
 
0 .d iV V+ =                                                                                                                       (18) 
 
The input power inP  will be derived respectively. Then the dc current dI in dc-link is 
 
d i
d
d
V VI
R
-
=                                                                                                     (19) 
Hence, the input power is approximately equal to the energy conversion invP  can be given as 
 
in invP P=
2
d d d dV I R I= -                                              (20) 
 
5. Experimental Setup 
 
The experimental setup as shown in Figure 5, mainly consists of a dSPACE DS1104 DSP controller 
board, a Pentium IV 1.5 GHz PC with Windows XP, a 6-pulse converters, 3-phase transformers connect 
in Y-D  and a four-pole asynchronous generator there is given by a three phase generator which has the 
detail as follows: 1 kW, 380 V, 3 A. A 3600 pulse/rev incremental encoder for rotor speed and generator 
measurement is used. The DS1104 board is installed in Pentium IV PC. The control program is written in 
SIMULINK environment combined with the real-time interface of the DS1104 board. The main 
ingredient of the software used in the laboratory experiment is based on MATLAB/SIMULINK 
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programs. The control law is designed in SIMULINK and executed in real time using the dSPACE 
DS1104 DSP board. Once the controller has been built in SIMULINK block-set, machine codes are 
achieved that runs on the DS1104’TMS320F240 DSP processor. While the experimental is running, the 
dSPACE DS1104 provides a mechanism that allows the user to change controller parameter online. Thus, 
it is possible for the user to view the real process while the experiment is in progress. A dSPACE 
Connector panel (CP1104) provides easy access to all input and output signals of the DS1104 board. The 
firing angle of the thyristor converters are fixed at 135 degrees which is suitable for the desired control 
range [7].  
 
CONTROLLER DSP dSPACE DS1104
TMS3F240 DSP
IM
Torque control
inverter
Wind Turbine
Simulator
mZ
AC Supply 380 V 50 Hz
IG
Wind Profile
Transformer
B6 Diode Rectifier B6 SCR Converter
 
 
DV iV
C
Counter ADC CH1-8 DAC CH1
( )conV D
,L Lv i,D dV I
dL
 
 
Fig. 5. Experimental Setup. 
 
6. Overall System Performance and Discussions 
      
The experimental performance results of the proposed drive are illustrated in case of:  
 
6.1 Excitation and voltage buildup 
 
For a terminal voltage to be developed when an isolated asynchronous generator is brought up to the 
rotor speed as shown in Figure 6. 
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Fig. 6. Voltage buildup versus the rotor speed at no load. 
 
6.2 Voltage and current waveforms 
 
Voltage and current waveforms at various points of the drive system for the proposed at power output 
of inverter at the rotor speed 1200 rpm and 1350 rpm respectively. These waveforms were recorded by 
the digital storage scope YOKOGAWA DL1620. Supply phase voltage and line current waveforms of six 
pulse converter are measured by LEM sensors where the ratio of a voltage probe is 200V/DIV and a 
current probe is 5A/DIV respectively. 
 
VLN=200V/DIV
IL=5A/DIV
             
VLN=200V/DIV
IL=5A/DIV
 
 
Fig. 7. Phase voltage and line current waveforms at the rotor speed (a) 1200 rpm (b) 1350 rpm. 
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6.3 Power quality of output inverter to Grid 
 
Such as total power, total harmonic distortion line current of inverter to grid (THDi) and power factor 
(PF); total power of inverter output where supply to grid were measured using digital power quality 
analyzer FLUKE 434 at power output of induction generator to grid at the rotor speed 1000, 1100, 1200 
and 1350 rpm, respectively. 
 
            
  
Fig. 8. Power output of six-pulse converter to grid at the rotor speed (a) 1200 rpm (b) 1350 rpm. 
 
            
                                            
Fig. 9. Total harmonic line current of six-pulse converter to grid at the rotor speed (a) 1200 rpm (b) 1350 rpm. 
 
Table 1. Power quality of output inverter to Grid. 
 
Rotor speed(rpm) Total P(watt) Total Q(VAR) Total S(VA) Iline(A) THDi(%) PF 
1000 210 400 460 0.8 40.5 0.45 
1100 690 870 1120 1.8 38.8 0.62 
1200 1060 1240 1650 2.7 38.6 0.64 
1350 1270 1430 1930 3.1 34.8 0.66 
1500 1380 1550 2090 3.4 33.5 0.66 
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7. Conclusions 
 
In this paper, the performance of grid connected based six-pulse converter applied a self-excited 
induction generator for wind turbine applications can be achieved. An induction generator is excited with 
a parallel capacitors are used to excite the induction generator while operating at variable speeds. The 
wind turbine simulator of system can be simulated the velocity of wind turbine by using change the speed 
of a three-phase four pole 3 kW induction motor. The induction generator can be buildup voltage by using 
external capacitor have shown obviously. A B6 rectifier and inductor are utilized to maintain constant dc 
link current. The average power is converted entirely by the six-pulse converter with operated at inverter 
mode. The experimental results testing with the 1 kW induction generator at zero speed condition to rated 
speed condition have shown obviously, the wind energy conversion system an induction generator 
converts the mechanical energy into electrical energy where the speed changed form 1000 rpm to 1500 
rpm. The active power is converted entirely by the six pulse converter and then it path through grid 
connected. The total harmonic distortion of line current wave forms are reduced to 7 % when the speed 
increasing from 1000 rpm to 1500 rpm respectively. As it has already been discussed, the line-
commutated converters are the simplest and least expensive.  
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